I. INTRODUCTION
Semiconductor nanowires (NW) are seen as a promising class of structures for future nanotechnological applications 1 . Potential industrial applications which have already been demonstrated include fieldeffect transistors 2, 3 , sensors for chemical and biological applications 4, 5 , components in battery technology 6, 7 , and photonic devices [8] [9] [10] . Within the context of semiconductor nanowires, Si is the material which attracts the most attention, owing to the abundance of the material as well as the extensive amount of experience and scientific knowledge on Si accumulated over the previous decades.
In recent years, it has become apparent that electron and ion irradiation may be used to beneficially tailor the properties of many kinds of nanostructures, and hence understanding irradiation effects in nanosystems has become of great and growing interest 11 . Although there is a fair amount of published experimental research on the manufacturing and modification of NWs using ion [12] [13] [14] [15] and electron [16] [17] [18] [19] irradiation, the amount of results on NWs is currently dwarfed by the body of results on carbon nanotubes 11 . In particular, theoretical studies on the radiation response of NWs are extremely sparse 20, 21 , in comparison to not just carbon nanotubes, but also such systems as free-standing nanoclusters [22] [23] [24] [25] . These observations stand in stark contrast to the fact that ion implantation is the standard method of doping semiconductor components in the industry, and that additionally many prospective applications of NWs are planned for use in high-radiation environments such as space. In this paper, we use classical molecular dynamics (MD) simulations to examine ion irradiation effects in small-diameter hexagonal Si NWs. The aim is to see whether nanoscale effects play a significant role in the defect production of these systems and cause it to deviate from that of bulk Si.
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II. METHOD
The simulations were performed using classical MD as implemented in the PARCAS code 26 . For modeling the Si-Si interactions, the analytical Stillinger-Weber threebody potential was used 27 . The reason for choosing this potential is that it has been shown to give values for the threshold displacement energies of bulk Si which are, out of the most commonly used empirical potentials for Si, closest to experiment and ab initio calculations 28, 29 . For the Ar-Si interactions, a purely repulsive ZBL potential 30 was used, as the Coulombic interaction between the two nuclei is the overwhelmingly dominating effect in highenergy collisions. Similary for Si-Si collisions, a repulsive ZBL pair potential was fitted to the high-energy part of the Si-Si interactions, as is the standard practice in the field 31, 32 . Additionally, a velocity-dependent electronic stopping power was included in the simulations for all atoms with kinetic energy surpassing 10 eV.
NWs of two different sizes were studied, the larger one having a diameter of ∼ 4 nm and comprising 8338 atoms and the smaller one with a diameter of ∼ 3 nm and comprising 5000 atoms. Both of the wires were ∼ 10 nmÅ in length and shared the diamond crystal structure of bulk Si. The axis of the NWs coincided with the 111 direction, and the wires had a hexagonal cross section with each face of the wire displaying the [112] surface. The 2 x 7.68 surface reconstruction as predicted by experiment 33 and ab initio calculations 34 was taken into account. The motivation for studying this type of NW is that is has been shown to be the most stable smalldiameter Si NW 35 . To relax the structures, the wires were annealed slowly from a temperature of 10 to 0 K. Visualizations of the prepared systems are presented in Fig. 1 .
To mimic a wire of infinite length, periodic boundary conditions were applied along the longitudal axis of each NW, with 3Å thick layers fixed at both ends of the wire to prevent the entire system from moving during irradiation. All simulations were done at an initial temperature of 0 K. To model heat dissipation from the impact region into the rest of the NW, Berendsen temperature scaling 36 towards 0 K with a time constant of τ = 300 fs was applied at the periodic boundaries within a layer of thickness of 5Å. The irradiation runs were organized as follows. Both NWs were irradiated perpendicularly against a flat surface and the edge of the wire. The smaller wire had two inequivalent edge reconstructions, and hence it was irradiated on both of these edges. These different irradiation configurations are schematically visualized in Fig. 1 . For each configuration, 200 impact points were chosen randomly uniformly within one repetitive unit cell of the structure, in two dimensions on the flat surface and in one dimension along the edge. Starting from the same initial pristine structure of the wire, each irradiation simulation was run for 20 ps, after which negligible change in the structure was found to take place. Ion energies of 30, 300, 1 000, 3 000, and 10 000 eV were used for all cases. Additionally, for comparing the results of the NW simulations with the behavior of bulk Si, self-recoils in bulk Si as well as Ar ion irradiation of a reconstructed [001] Si slab surface were simulated using an analogous simulation setup. The simulated slab was chosen to be large enough so that no transmission of ions occurred at the studied energies.
After the irradiation runs, Voronoy polyhedron analysis 37 was performed for analyzing defects in the end states of the irradiated systems. Using this method, vacancies and interstitials were identified in the structures. Additionally, adatoms and sputtered atoms were analyzed for by considering any atom at a distance of 1 to 3 A from the wire surface an adatom and any atom further than 3Å from the surface to be sputtered.
Finally, to gain further insight into the MD results, binary collision approximation 38 (BCA) simulations of irradiation of sheets of Si with Ar ions were carried out using the SRIM package 38, 39 . In these runs, the threshold displacement energy of Si in the BCA simulation was first normalized to the value of 24 eV to give the same amount of vacancies per incident ion as the larger simulated NW with an ion energy of 1 keV. The SRIM simulations were then run for two sheets of Si with thicknesses corresponding to the effective diameters of the two nanowires, with energies in the same range as in the MD runs.
III. RESULTS AND DISCUSSION
A typical example of the end state of the 4 nm wire after an irradiation run is presented for each ion energy in Fig. 2 40 . For 30 eV, the ion deposits its energy within the first couple of atomic layers, and the damage is confined to the surface. At 300 eV, a small collision cascade is formed at the surface, and the ion penetrates a distance of ∼ 1 nm into the wire. Beyond this energy, the ion is very likely to traverse the entire cross section of the wire. At 1000 eV, the ion is deflected in the core and exits through one of the surfaces in the lower half of the wire, creating small cascades upon entering and exiting the wire. At 3000 eV, the cascades are larger. Finally at 10 000 eV, transmission of the ion with often little energy deposited in the system becomes a common case. The damage is mainly formed upon entering and exiting the wire, again.
This general conclusion of the damage being predominantly created on the surfaces of the wire is confirmed by the distribution of the positions of the vacancies and interstitials created in the wires by the irradiation. In Fig.  5 , the ratio of the density of defects produced at 1 keV to the density of atoms in the pristine wire, C def , is presented as a function of perpendicular distance from the surface of each wire. The same analysis is also presented for a thick Si slab. From the Figure, it can be seen that defect production in the wires is concentrated in the couple of outermost atomic layers of the structures, whereas for the slab the distribution is comparatively flat with only a slight increase towards the surface. As regards the separate distributions of vacancies and interstitials, the respective distributions are plotted for the 3 nm wire after 1 keV irradiation of the flat surface in Fig. 6 . It can be seen here that vacancies and interstitials are created in equal amounts in the core of the wire, but vacancies dominate on the surface. This is because sputtered atoms leave a vacancy but no interstitial in the wire.
The above results can be explained by considering the threshold energy for sputtering on the surface and the threshold energy for displacement in the core of the wire, along with the range of ions in Si. Firstly, defect production is highest on the surface of the wire because the threshold energy for damage production on the surface can be smaller than the threshold energy for displacement in the core of the wire by a factor of 2 to 3 21 . Secondly, as the energy of the incoming ion increases, the range of the ion shifts from the top surface of the wire towards the bottom surface and beyond, explaining the positions of the created cascades. At 10 000 eV, the ion range is already large enough that transmission of the ion with little energy deposited in the wire is the dominating outcome of the irradiation events.
The surface reconstruction of the wire is generally preserved well after an ion impact. For e.g. 1 keV irradiation of the 4 nm wire, roughly 40% of all cases are such that the surface remains intact after the impact event. When the surface does get modified, the damage to the surface reconstruction is typically on the range of a couple of unit cells in both horizontal directions in the plane of the surface, never extending further than a few unit cells. The damage is likewise confined to local spots on the surface where the ion exits the wire. Examples of damage to the first two atomic layers on the surface of the wire where the ion enters and the bottom of the wire in cases where the ion exits there are shown in Fig. 3 .
Results for the total number of defects for the flat surface of each NW and the bulk and slab are presented as a function of ion energy in Fig. 4 . While the defect production in bulk Si increases almost linearly with increasing ion energy, the behavior of the NWs and the slab is more interesting. There is a clear enhancement of defect production for the smaller wire of 3 nm diameter at 1 keV, approximately by a factor of 3 as compared to bulk and slab Si, and a similar but less significant enhancement for the larger wire of 4 nm diameter as well. For high energies, defect production decreases for both of the NWs, whereas for the slab the rate of increase drops as ion energy increases. Since the defect production was shown above to take place predominantly on the surfaces of the wires, at a suitable ion range we would indeed expect enhancement in the defect production in the wires in comparison to bulk Si or a thick Si slab. Such a range is given here at 1 keV for both wires. The enhancement in comparison to bulk Si is greater for the smaller 3 nm wire, because there the surface-to-volume ratio is greater than in the 4 nm wire. This finite-size effect is demonstrated clearly in Fig. 5 , where it is seen that the larger the surface-to-volume ratio of the system, the stronger the increase in defect concentration towards the surface.
As regards the observed decrease in defect production in the NWs for high ion energies, we refer to the results of the SRIM calculations for the larger wire as presented in Fig. 7 . We see that these BCA results for the number of produced vacancies follow the MD results very closely, and thus the decrease in defect production in the wire at high ion energies can be attributed to the increased transmission of ions for increasing irradiation energy, an effect which is well understood in irradiation of thin specimens 30 . In the initially crystalline wires, this effect is coupled with the additional effect of channeling which then causes the vacancy production in the MD runs to decrease at a faster rate than the SRIM results for high energies.
Finally, the results for the total number of defects for all the NW irradiations are presented in Fig. 8 . It can be seen that defect production varies clearly between the NW size and whether the flat surface or the edge was considered. The differences between the flat surface and the edges are most likely due to stronger channeling for ions incident on the edges of the wires. As concluded above, defect production in the wires is mainly a surface effect, and indeed the small wire has the most radiation damage in general.
IV. CONCLUSIONS
In conclusion, ion irradiation of small-diameter Si NWs was studied using classical MD. It was found that defect production in the systems is largely a surface effect, leading to an enhancement of up to a factor of three as compared to bulk Si, due to the large surface-to-volume ratio of the NWs. For high irradiation energies, the increased transmission of ions coupled with the channeling effect causes a notable decrease in defect production in the wires. 
